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Abstract

Bacterial infections, frequently caused by bacteria of enteric origin, are often seen during the progression of severe acutepancreatitis,
concomitant with the potential development of multiple organ dysfunction. In thepresentpaper, the complex mechanisms of gut barrier
dysfunction and gut origin sepsis in acute pancreatitis are discussed.

The individual parts of the gut barrier, eg. the immunological, bacteriological and morphological (mucus, epithelium, endothelium and
interstitium) components, seem to interact and depend on each other. Pancreatitis-induced hypovolaemia due to endothelial barrier leakage
and gut arteriovenous shunting causes intestinal ischaemia and reperfusion injury with concomitant gut barrier dysfunction. Gut
endothelial barrier dysfunction probably plays a central role. Potential molecular mechanisms could, among others, be associated with
alterations in intracellular signal transduction, intercellular signalling and expression of adhesion molecules on endothelial cells.

The mechanisms underlying gut barrier dysfunction in acutepancreatitis are thus complex and still not fully eucidated. Knowledge about
the regulating events will probably allow future pharmacological therapy for prevention and treatment of the severe complications of acute

pancreatitis, including gut barrier dysfunction.
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Introduction

Bacterial infections are devastating and potentially
lethal complications of acute pancreatitis, responsible
for up to 80% of deaths in the condition.! Pathogenetic
studies of acute pancreatitis imply that the disease is
initially a non-bacterial insult and that secondary sepsis
frequently occurs during the progression of pancreatitis,
concomitant with the potential development of multiple
organ dysfunction. Clinical data have demonstrated
that most bacteria associated with pancreatic and
peripancreatic infections are of enteric origin."? It has
been hypothesized that bacteria normally present in the
gut may pass through the intestinal barrier to
extraintestinal sites and the systemic circulation, and are
responsible for the formation of pancreatitis-associated
sepsis (gut origin sepsis). Experimental studies have
shown that translocation of enteric bacteria occurred in
those experimental models of acute pancreatitis which
were induced by the continuous intravenous infusion of
cerulein,* obstruction of the common biliopancreatic
duct,® or intraductal injection of sodium taurodeoxy-
cholate.® This indicates that dysfunction of the
gastrointestinal tract induced by acute pancreatitis may

act as both an early target of the challenge and as a factor
that might exacerbate the disease, although the connect-
ing links have not yet been identified. In the present
paper, we discuss the potential mechanisms by which
acute pancreatitis may influence the gut barrier func-
tion, leading to the occurrence of gut origin sepsis.

Characteristics of Gut Barrier Dysfunction

The gastrointestinal tract is a complex organ responsi-
ble for nutrient absorption and transport, hormonal
production and action, and immune barrier against
invasion of enteric bacteria and toxins. The function of
the gastrointestinal barrier depends on the balance of the
enteric bacterial ecology, mucus layer, brush border, a
continuous layer of polarized, columnar epithelial cells,
basement membrane, crypts, gut-associated lymphoid
tissue, and capillary endothelial cells. Interaction be-
tween enteric pathogens and intestinal brush border
membrane and bacterial adhesion on the membrane has
been suggested to be the initial and critical step for the
development of gut barrier dysfunction.” The gut en-
dothelial and epithelial barriers act as two major lines of
defence to maintain the stability of both the external and
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internal environments. Potential molecular mechanisms,
such as cell proliferation, DNA damage, the regulation
of tumour suppressor gene p53, the action of the DNA
synthesis inhibitor gene p21, and the development and
patterns of cell death, are involved in the maintenance of
intestinal barrier homeostasis and the formation of bar-
rier dysfunction.®

Gut barrier dysfunction is characterized by increased
intestinal permeability and the enteric bacterial invasion
through the barrier into extraintestinal sites. Pancreati-
tis-associated alterations in intestinal permeability have
been studied by measuring both the IN VIVO leakage of
isotope labelled human serum albumin from the circula-
tion to the gut lumen and the IN vitro mucosa to serosal
transport of small molecular markers (sodium fluorescein
and isotopic labelled ethylenediamine tetra-acetic acid)
in the distal small intestine and colon in Ussing cham-
bers.’ An increase in intestinal permeability was noted in
the early stage of acute pancreatitis, probably resulting
from production and release of cytotoxic oxygen-de-
rived free radicals. Furthermore, pancreatitis-associated
gut barrier dysfunction was determined by simultane-
ously measuring the gut endothelial barrier permeabil-
ity by measuring the exudation of ?I-labelled human
serum albumin from the circulation into the gut intersti-
tium and lumen and the gut epithelial barrier permeabil-
ity as determined by the clearance of *'I-labelled human
serum albumin from the gut lumen to the systemic
circulation. The gut barrier dysfunction was measured
by bacteriologically positive cultures of enteric bacteria
in blood and extraintestinal tissues (bacterial transloca-
tion), and measuringpathohistological alterations.'” Data
from this study demonstrated’ that acute pancreatitis
induced an increase in both endothelial and epithelial
barrier permeability, accompanied by the translocation
of enteric bacteria, and intestinal mucosal damage and
microcirculatorv thrombosis.

Studies on acute pancreatitis-induced translocation of
enteric bacteria to extraintestinal sites showed an in-
crease with time after induction of the disease.*° The
main route of bacterial translocation is through the
mesenteric lymph nodes, rather than through the portal
vein. The colon may be the major site of entrance for
enteric bacteria to pass through the intestinal barrier. E.
coli seems to be the predominant bacteria among the
multiple populations of enteric bacteria found.

Gut Arteriovenous Shunting

Haemodynamic alterations, both systemically and lo-
cally, occur in acute pancreatitis, due to extensive loss of
the circulating plasma volume and an excessive release
of inflammatorv mediators. Systemic arteriovenous
oxygen difference was reported to decrease and pulmo-
nary right-to-left shunting to increase in patients with
necrotizing pancreatitis as compared to patients with

acute interstitial pancreatitis.'' In experimental acute
pancreatitis induced by retrograde intraductal injection
of 5% sodium taurocholate, alterations in the pancreati-
tis-associated intestinal microcirculation were evalu-
ated by measuring carbon dioxide metabolism."? Such
carbon dioxide monitors, including carbon dioxide con-
centration and its increment, as well as venoarterial
carbon dioxide concentration difference, reflect haemo-
dynamic and dioxide-carbon dioxide exchange patterns
both systemically and in the localmicrocirculation. Acute
pancreatitis induced an increase in the production,
release, and transport of carbon dioxide from tissues to
blood both systemically and in the gastrointestinal tract.
Gut arterial and venous shunting was noted after induc-
tion of acute pancreatitis as a response to hypovolaemia,
resulting in an increase in carbon dioxide content in
portal venous blood. The gut capacity of oxygen extrac-
tion was compromised by insufficient intestinal micro-
circulation. The existence of arterial and venous
microcirculatory shunting in the intestine seems
involved in the development of gut ischaemia and
mucosal barrier failure. Further evidence to support this
finding is that blood flow in intestinal arteries did not
decrease after induction of acute pancreatitis, while
subserosal blood flow in gut microcirculation markedly
decreased during the early stage of pancreatitis.”® Tenta-
tive interacting mechanisms resulting in failure of the
intestinal barrier are summarized in Figure 1.

Gut Endothelial Barrier Dysfunction

Endothelial cells constitute the first barrier between
blood and the extravascular space, maintaining struc-
tural and functional integrity of the circulation. In addi-
tion, the numerous biological functions of the endothelial
barrier include anticoagulant action, fibrinolysis, angio-
genesis, synthesis and release of cytokines, expression of
adhesion molecules, and regulation of vascular tone and
structure. Pathophysiological changes in the endothelial
barrier have been hypothesized to play an important
role in the development of the systemic inflammatory
response syndrome and multiple organ dysfunction
syndrome.!

Endothelial barrier dysfunction is characterized by
1) loss of capillary integrity, resulting in increased cap-
illary permeability, plasma exudation, and tissue
oedema; 2) overactivation of endothelial cells, including
over-production and release of cytokines, oxygen free
radicals, and leukotriens; 3) hyperexpression of adhe-
sion molecules, responsible for rolling, adhesion, and
trapping of leukocytes on the surface of endothelial cells;
and 4) alterations in cellular phenotypes from
antithrombotic to prothrombotic. Pancreatitis-induced
extrapancreatic changes are either systemic, such as
hypovolaemia, hypocalcaemia, hyperglycaemia,
hypertriglyceridemia, and coagulopathy, or organ-
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Fig, 1. Tentative interacting mechanisms resulting in failure of theintestinal barrier in acute experimental pancreatitis

specific dysfunction, including pulmonary failure, car-
diovascular disturbance and renal insufficiency, poten-
tially resulting in the development of the multiple organ
dysfunction syndrome.'® In experimental acute pancrea-
titis, an increase in endothelial barrier permeability oc-
curred in the gastrointestinal tract, peritoneum,
pancreatitis, kidneys, liver, lungs and heart, followed by
organ dysfunction, such hepatocyte damage, elevated
plasma levels of pancreatic enzymes, compromised re-
nal function, and delayed intestinal motility."® This im-
plies that pancreatitis-associated endothelial barrier
dysfunction is involved in the development and forma-
tion of pancreatitis-associated multiple organ system
failure. The variation of endothelial barrier resistance in
multiple organs appeared to be organ/ tissue-depend-
ent and also depending on challenge and time/duration
as seen in animals with either septic or non-septic chal-
lenges."” Such organ/ tissue-dependent variation in en-
dothelial barrier resistance even exists in normal animals.
This indicates that the organ/ tissue-dependent varia-
tion of endothelial barrier resistance may be responsible
for the sequence by which multiple organ dysfunction
develops. In experimental acute pancreatitis, the en-
dothelial barrier resistance was constantly lower in the
peritoneum, pancreas, colon, lungs, and kidneys.

Endothelial barrier dysfunction also contributes to the
development of gut barrier dysfunction. Evidence to
support this is that intravenous pretreatment with anti-
oxidants prevented from gut endothelial barrier dys-
function, followed by improving alterations in intestinal
permeability, D-xylose absorption from the gut lumen to
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the portal vein, and the delayed intestinal motility.>'® To
clarify the role of gut endothelial and epithelial barrier
dysfunction in the development of gut barrier dysfunc-
tion, the functions of both the endothelial and epithelial
barriers were simultaneously monitored by measuring
the bidirectional barrier permeability in an in situ iso-
lated intestinal loop connected with a luminal perfusion
system in a model of individual barrier compromise
induced by intravenous (for endothelial injury) or gut
luminal administration (for epithelial damage) of deter-
gents.®® This study showed that epithelial barrier dys-
function and alterations in epithelial microvilli were
dependent on the dose of intraluminal detergent and
only high doses could cause endothelial barrier dysfunc-
tion, while endothelial barrier dysfunction induced by
intravenous administration of detergents was always
accompanied with epithelial barrier dysfunction. This
illustrates that the gut endothelial barrier integrity plays
an important and central role for the maintenance of
normal intestinal barrier function. Gut endothelial bar-
rier dysfunction may thus initiate the development of
both epithelial and total gut barrier dysfunction.

Intercellular Signals
Oxygen Free Radicals

Oxygen free radicals, such as superoxide anion free
radicals, hydrogen peroxide, hydroxyl radicals, and
hypochlorous acid, play an important role in the
pathogenesis of endothelial barrier dysfunction in mul-
tiple organs/tissues after various challenges.** Oxidative
stress might be an early phenomenon in acute experi-
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mental pancreatitis.”” Enhanced generation of oxygen
free radicals exacerbates pancreatic tissue damage and
extrapancreatic organ failure. Oxygen free radicals act
both as cytotoxins directly compromising cell damage
and as intercellular signals regulating inflammatory
reactions. Intravenous pretreatment with the hydroxyl
radical (dimethylsulfoxide) and hydrogen peroxide scav-
engers (N-acetyl-L-cysteine) prevented against the oth-
erwise occurring increase in intestinal permeability,
compromised gut absorption, and delayed motility in
acute experimental pancreatitis.”'®

Intracellular Calcium

Cytosolic calcium, as a critical second messenger on
the cellular membrane, is involved in the regulation of
endothelial barrier function and transendothelial resist-
ance.” Intravenous pretreatment with verapamil and
diltiazem, blockers for the alpha 1 subunit of the L-type
slow calcium channels, partially prevented pancreatitis-
induced endothelial barrier dysfunction in some or-
gans/tissues in an organ/tissue-dependent fashion.!¢
Different calcium channels appear to play various roles
in the pathogenesis of endothelial barrier dysfunction.
In the development of gut endothelial barrier dysfunc-
tion induced by acute pancreatitis, the benzothiapine-
type calcium channel responsible for mitochondrial
sodium-calcium exchange seemed more important than
the phenylalkylamine-type calcium channel responsible
for the complete depletion of the extramitochondrial
calcium stores.

Interleukins

Alterations in cytokine levels have been suggested to
be essential in the pathogenesis of both the local and
systemic inflammatory response in acute pancreatitis.?!
Elevated tissue-specific proinflammatory cytokines dur-
ing experimental acute pancreatitis may be an important
mechanisms for pancreatitis-associated multiple organ
failure.** It is possible that cytokines produced and re-
leased from the leukocyte system (e.g. leukocytes, en-
dothelial cells, mast cells, and platelets) act as intercellular
signals, inducing distant organ/ tissue compromise dur-
ing acute pancreatitis. For example, tumour necrosis
factor-alpha (TNF) and interleukin-l-beta (IL-I) mRNA
and proteins were primarily noted within the pancreas
at the early stage of experimental pancreatitis, followed
by their production in the lungs, liver, and spleen.?
Furthermore, increased plasma levels of TNF and IL-I
were detected 1 and 3 hours after induction of acute
pancreatitis, followed by the development of pulmo-
nary endothelial barrier and pneumocyte injury as well
as gut barrier dysfunction.”

Platelet-activating Factor

Platelet-activating factor (PAF), with an 0-alkyl ether
residue at the sn-1 position, a short acyl chain at sn-2

position, and a polar head group 0-phosphocholine at
sn-3 position, is one of those inflammatory mediators,
synthesized, released and regulated mainly by the
leukocyte system. PAF is involved in inflammatory re-
sponses by PAF receptor-mediated transmembrane sig-
nalling mechanisms.? Experimental studies have
demonstrated that both systemic endogenous and local
pancreatic PAF levels were increased after induction of
acute pancreatitis.? Clinical studies showed that admin-
istration of a PAF antagonist reduced the incidence of
organ dysfunction and suppressed the levels of
interleukins and proteinases in human acute pancreati-
tis.? We found that blocking of PAF prevented the
occurrence of pancreatitis-associated gut barrier dys-
function measured by gut origin sepsis and bidirectional
permeability of the intestinal barrier as well as
microthrombosis in intestinal villi." It is possible that
PAF may play an important role in the pathogenesis of
pancreatitis-associated gut barrier dysfunction and in
the development of distant organ dysfunction by trig-
gering endothelial barrier dysfunction. PAF may also
act, at least partially, as a coordinator with other cytokines,
involving leukocyte adhesion on the endothelial surface
and transmigration of leukocytes from the circulation to
the intestinal interstitium, since we noted that the PAF
antagonist could partially reduce plasma levels of IL-1
and intestinal myeloperoxidase activity after induction
of acute pancreatitis.”

Potential mechanisms by which intercellular signals
are produced and involved in pancreatitis-associated
gut barrier dysfunction include that acute pancreatitis
may initiate overactivation of the leukocyte system in
the pancreas and the circulation, producing intercellular
signals resulting in overactivation of the intestinal
leukocytes and inflammatory reactions, or pancreatitis-
induced systemic alterations (e.g. ischaemia/
reperfusion) that simultaneously cause overactivation
of the leukocyte system both in the circulation and other
distant organs (including the intestine).

Adhesion Molecules on the Endothelial Barrier

Although the understanding that variation of endothe-
lial barrier resistance depends on organ/tissue, time,
and challenge'” provides a possible explanations for the
sequence of development of multiple organ dysfunc-
tion, the mechanisms by which such variation and dys-
function occur during acute pancreatitis are still obscure.
One possible explanation is that the exposure of adhe-
sion molecules on the surface of endothelial cells may
regulate variation of endothelial barrier resistance. For
example, regional variation in endothelial adhesion
molecule expression was nhoted among organs/ tissues
and such organ-dependent variation was referred with
the differences in endothelial cell surface area among
organs/tissues by comparing intercellular cell adhesion

Annals Academy of Medicine



molecule expression per unit endothelial cell surface
area.”® Exposure of adhesion molecules on the endothe-
lial surface can slow down circulating leukocytes and
provide possibilities for leukocyte rolling, adhesion, and
trafficking to extravascular locations, resulting in the
development of tissue inflammation, cell damage, and
organ dysfunction.

It is hypothesized that over-expression of intestinal
endothelial adhesion molecules may be involved in the
pathogenesis of pancreatitis-associated gut barrier dys-
function. To evaluate this hypothesis, monoclonal anti-
bodies against two critical adhesion molecules,
intercellular cell adhesion molecule-l (ICAM-1) and
platelet/endothelial cell adhesion molecule-I (PECAM-
1), were administered intravenously prior to induction
of acute pancreatitis by taurodeoxycholate in the rat.
Endothelial TCAM-1 is responsible for activation-de-
pendent attachment of integrins on leukocytes to per-
form the firm or secondary cell adhesion to the
endothelium, and PECAM-1 expressed at endothelial
cell junctions appears to be essential for transmigration
binding homophilically to PECAM-1 expressed on
leukocytes.? Our preliminary data demonstrate that
blocking of PECAM-1 suppressed the systemic levels of
cytokines, prevented the occurrence of intestinal en-
dothelial barrier dysfunction, and reduced leukocyte
trapping into the mucosal extravascular space. Blocking
ICAM-1 on the other hand showed a less preventive
effect than anti-PECAM-1. This indicates that leukocyte
trapping in extravascular sites may be important in the
development of pancreatitis-associated gut barrier dys-
function. Another possibility is that the anti-PECAM-1
effect may be carried out both on the endothelial and
leukocyte surfaces, resulting not only in a reduction of
leukocyte transmigration, but also decreasing leukocyte
rolling on the endothelial surface during the initial phase
of leukocyte-endothelial interaction and preventing
against leukocyte overactivation by blocking PECAM-1
on the leukocyte surface.

Hypothesis on Signal Transduction

Both clinical and experimental studies have illustrated
that acute pancreatitis is a multiple organ dysfunction
syndrome, with infectious complications caused by bac-
teria and their toxins and increased concentrations of
signallingmolecules (e.g. cytokines) asmentioned above.
Most of these signalling molecules induce cellular re-
sponses by binding to specific cell-surface receptors.
Structural and biochemical changes of these receptors
can then be transmitted to the interior of the cell. The
signal transduction, an extracellular signal-membrane
receptor-intracellular target interaction, then initiates
the synthesis of new proteins through alterations in the
pattern of gene expression. Nuclear factor kappa B (NF-
kB) is one important and widely used transcription
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factor for regulating many cellular responses to environ-
mental changes during many immune and inflamma-
tory reactions.®! It is possible that pancreatitis-induced
over-production of intercellular signals and secondary
bacterial infection activate interleukin-1 receptor-related
membrane signalling, inducing cytoplasmic NF-kB
which is then transported into the nucleus and binds to
promoter areas of genes, and a class of inhibitory pro-
teins (IkBs), causing endothelial cell overactivation. Such
overactivation may then result in exposure of endothe-
lial adhesion molecules, leukocyte-endothelial interac-
tion, and endothelial barrier dysfunction.

In conclusion, gut origin sepsis is a potential mecha-
nism of secondary bacterial infection in acute pancreati-
tis, probably contributing to the development of the
multiple organ dysfunction syndrome. Pancreatitis-
induced gut arteriovenous shunting causes intestinal
ischaemia and reperfusion, followed by gut barrier
dysfunction. Gut endothelial barrier dysfunction is a
central link in the development and formation of gut
barrier dysfunction during acute pancreatitis. Potential
molecular mechanisms by which acute pancreatitis
initiates the development of gut barrier dysfunction
could be associated with alterations in intercellular
signals, adhesion molecules, and intracellular signal
transduction. Future pharmacological therapies should
be focused on prevention and blocking of these major
changes in order to improve patient outcome from acute
pancreatitis-associated multiple organ dysfunction.
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